Carnation stunting and shoot proliferation (CSP) syndrome typically shows symptoms of shoot shrinking and proliferation. Thus, it is believed that biosynthetic or metabolic problems of endogenous phytohormones are related to the developmental process. On the other hand, it is known that the rhizosphere environment greatly influences the incidence of this syndrome, although little abnormality is observed in the roots. In this syndrome, grafting tests were performed using a susceptible and non-susceptible cultivar to determine the relationship between the underground and aerial parts of the plant. The grafted plant showed symptoms when the stock was a susceptible cultivar, even if the scion was a non-susceptible cultivar. These findings confirm that the roots make an important contribution to the appearance of symptoms, and that typical symptoms of stunting and shoot proliferation appear in the aerial parts due to some signals from underground parts. These signaling substances may only occur in the roots, and may change before the stunting symptom appears as the first stage of the syndrome. Thus, the concentrations of endogenous phytohormones were quantified, as possible signaling substances. However, the concentrations of phytohormones measured in this test did not change in the roots, and it seems very likely that these phytohormones are not the signals. In contrast, in the shoot apices, indole acetic acid (IAA) concentration decreased at the same time as the stunting symptoms started to appear in the expanding leaves. The ratio of cytokinins (CKs) to IAA concentration increased because IAA concentration decreased and the concentration of CKs did not. It is clear from these findings that the appearance of symptoms in the shoots is influenced by a biosynthetic abnormality of IAA and a corresponding imbalance of CKs and IAA.
Introduction
Carnation stunting and shoot proliferation (CSP) syndrome results in poor plant form, as shown in Figure 1 . The cause of this syndrome remains uncertain, although it was first observed in the late 1970s in carnation producing areas around Japan (Koganezawa et al., 1998) , some areas in the USA and the Mediterranean coast (Lisa, 1995) . In Japan, the syndrome appears during the high-temperature season from July to September (Koganezawa et al., 1998) , and has also been observed recently in early spring. This syndrome has being reported in many cultivars of Mediterranean, Sim and spray carnations (Lisa, 1995) . However, susceptibility depends on the cultivar, and this syndrome appears with greater severity and at a higher frequency in particular Mediterranean carnations such as 'Francesco' and 'Tanga' (Imadeki et al., 1995) .
Studies to investigate the cause of CSP syndrome became active from the mid-1980s to 1990s. Based on their results, a disease or physiological disorder was suggested. Lisa et al. first described this syndrome in 1985 as "A new disease causing stunting and shoot proliferation in carnation" with images showing stunting, shoot proliferation, and poor flower setting. The symptoms currently found in Japan are possibly the same as those reported in Italy. However, the symptoms shown in other reports seem to differ from the symptoms described in Lisa's report. For example, there are some reports of viroid-like RNA (CarSV RNA) isolated from stunted carnation (Kanematsu et al., 1989; Lisa et al., 1985; Lommel and Morris, 1983) . It has been reported that CarSV RNA is not infectious and exists as DNA tandem repeats (Daròs and Flores, 1995) , CarSV DNArelated sequences are integrated into the plant genome (Hegedűs et al., 2004) , and CarSV RNA-infected plants do not exhibit the initial symptoms of stunting and shoot proliferation (Hegedűs et al., 2001) . From these reports, it is judged that CarSV RNA is not a cause of CSP syndrome. There are no recent reports linking the syndrome to a disease.
In terms of a physiological disorder, it is widely accepted that double stresses of high temperature and high soil moisture content are possible explanation for the cause of CSP syndrome (Imadeki et al., 1995; Koganezawa et al., 1998) . In fact, there is an increased probability of the syndrome occurring in many cultivars when exposed to high temperature and soil moisture content, although it is known that the frequency and severity of the appearance of symptoms differs depending on cultivars. The mechanism by which these stresses lead to symptoms has never been clarified. Effective countermeasures have not been developed even more than 10 years after these reports were published, resulting in serious damage to carnation producing areas.
We previously reported that an important factor in CSP syndrome is not only high soil moisture content but also the rhizosphere environment, such as rapid changes in soil moisture content and fertilizer concentration (Inubushi et al., 2007 (Inubushi et al., , 2009 ). Other reports have also highlighted the importance of the rhizosphere in the incidence of this syndrome. In other words, although the symptoms appear in aerial parts, the cause may exist in the underground parts of the carnation plant.
Based on these reports, the relationship between the underground and aerial parts of the plant exhibiting this syndrome was investigated from the perspective of a physiological disorder. First, a grafting test using susceptible and non-susceptible cultivars was conducted. This revealed that some signals are transmitted from the underground to aerial parts of the plant. To identify the possible substances, the concentrations of phytohormones were measured.
Materials and Methods

Grafting test using susceptible and non-susceptible cultivars
In all tests, high CEC soil facilitated by organisms and clay was used to induce the syndrome (Inubushi et al., 2009) . Potted plants (pot diameter, 12 cm) of 'Francesco' (susceptible cultivar, 'F') and 'Super Lavender Tessino' (non-susceptible cultivar, 'T') were cleft grafted using different combinations of the stock cultivar and scion cultivar on July 30, 2008. For grafting, the stalk of the stock with about five expanding leaves was cut-off, leaving four axillary buds above the soil level. A scion with about two expanding leaves was grafted onto the cut stock. From August 25, hightemperature and waterlogging treatments were conducted to induce the syndrome: waterlogging up to approximately 3 cm from the pot base for 3 h per day, and warming the rhizosphere to a night temperature of over 25°C and a day temperature of over 30°C. Five weeks after starting the treatment, nine to twelve plants of each graft combination were tested and categorized by the symptom severity index on September 29. The symptom severity index was derived from the symptomatic stage [Symptom severity index: Σ (symptomatic stage × number of plants)/(4 × total number of plants) × 100]. As shown in Figure 1 , the stages of the symptoms of all stock and scion plants were judged by visual examination of their shoots. Since the stock plants were grafted leaving four axillary buds and the scion plants had several axillary buds, there were several shoots to observe. When the stages of the shoots on the stock or scion were found to be different, the more severe stage was recorded.
2. Quantification of endogenous phytohormones from the pre-development to recovery stage Thirty potted 'F' plants (pot diameter, 12 cm) were subjected to high-temperature and waterlogging treatments from June 24, 2008, 3 weeks after setting in the pots. Portions of approximately 5 mm around the shoot apices and all roots were sampled at each symptomatic stage, 0, 1, 2, 3, and 4 ( Fig. 1) , from July 24 to August 11. About 300 mg per sample were collected from the shoot apices and roots of 3-6 plants with two replications for each stage. The treatments of the remaining pots were stopped on September 1 and these pots were placed in a greenhouse for recovery. The shoot apices and roots at the early recovery stage were sampled on September 29 and those at the complete recovery stage were sampled on October 14 with no replications (Fig. 2) . Complete recovery from this syndrome is defined as the condition in which stunting and shoot proliferation are no longer observed and the shoots extend normally. Stage 0 samples were collected from six carnation plants that had not been subjected to high-temperature and waterlogging treatments at approximately the same time. Phytohormones were quantified following the method described by Kojima et al. (2009) using a liquid chromatography-mass chromatography system (UPLC/ Quattro PremierXE, Waters, USA) with an ODS column (AQUITY-UPLC BEH-C, 1.7 μm, 2.1 × 100 mm, Waters). The molecular species of this test are as follows: cytokinins (CKs) active form has trans-zeatin (tZ), ciszeatin (cZ), dihydrozeatin (DZ), and N 6 -(Δ 2 -isopentenyl) adenine (iP); CKs precursor form has tZ riboside (tZR), tZR 5'-phosphates (tZRPs), cZ riboside (cZR), cZ 5'-phosphates (cZRPs), DZ riboside (DZR), DZ 5'-phosphates (DZRPs), iP riboside (iPR), and iP 5'-phosphates (iPRPs); CKs glucoside form has tZ- 
, and iP-9-N-glucoside (iP9G); auxins have indole acetic acid (IAA) and IAA-amino acid conjugates (IA-Asp and IA-Ala); gibberellins (GA) have GA 1 , GA 8 , GA 19 , GA 20 , GA 44 , and GA 53 ; abscisic acid (ABA). To allow for measurement error, these samples were divided from one sample into three tubes with approximately 100 mg of each and their volumes were measured after dividing. The measured values of the molecular species are shown as the average of the three tubes.
Quantification of endogenous phytohormones at the early developmental stage
To quantify endogenous phytohormones at the early developmental stage, stages 0.5 and 0.7 were set as the stages before young leaves appear stunted ( Fig. 1) . Sampling was performed twice. Potted 'F' plants (pot diameter, 12 cm) were subjected to high-temperature and waterlogging treatments for approximately 3 weeks after setting in pots (first group, started on August 18, 2006; second group, started on April 24, 2007). In the first sampling, approximately 5 mm of the shoot apices and all of the roots were sampled at each symptomatic stage, 0.5, 0.7, 1, and 3, 40 days after starting the treatment. Two plants were used per sample, with no replication for each stage. In the second sampling, approximately 5 mm of the shoot apices and all of the roots were sampled at each symptomatic stage, 0.5, 0.7, and 1, 28 days after starting the treatment. Three plants were used per sample, with two replications for each stage. Stage 0 samples were collected from carnation plants grown in pots as experimental plants without high-temperature and waterlogging treatments at approximately the same time as each sampling. Phytohormones were quantified as in Test 2.
Results
Grafting test using susceptible and non-susceptible cultivars
The symptomatic stages of the shoots derived from the stock and scion were investigated for all graft combinations (Fig. 3) . When the cultivar of the stock and scion was 'F', a susceptible cultivar, both stock and scion showed severe symptoms: shoot proliferation at stage 3 in two out of twelve grafted plants, and stunting at stage 2 in two out of twelve grafted plants. The symptom severity indices of this graft combination were 39.6 for the stock and 35.4 for the scion. Even when the cultivar of the stock was 'F' and the scion was 'T', a non-susceptible cultivar, the symptomatic stages of both stock and scion were observed at stage 3 in two out of eleven grafted plants. The symptom severity indices of this graft combination were 40.9 for the stock and 36.4 for the scion. On the other hand, when the stock was 'T', the scion did not show symptoms regardless of the cultivar (Table 1, Fig. 3 ).
Quantification of endogenous phytohormones from the
pre-development to recovery stage Endogenous phytohormones were quantified as potential signals for this syndrome. The concentrations of phytohormones from the pre-development to recovery stage are shown in Tables 2 and 3 . Because the sampled plants at each stage were different, individual differences were unavoidable in the measured values of these tables. Among them, in the shoot apices, it should be noted that IAA concentration decreased to below the detection limit as the symptoms worsened. However, CKs concentrations (especially the tZ and DZ types of the active or precursor form, and some glucoside form species) increased after stage 1. GAs (especially GA 8 , GA 19 , and GA 20 ) concentration decreased after stage 1 like contrast of the CKs concentrations. ABA concentration showed no relationship with the syndrome. The balance of auxins and CKs is thought to have a strong influence on shoot elongation, and in fact, the concentration ratio of CKs to IAA increased along with worsening symptoms (Table 2 ). The concentrations of these substances in the roots showed no relationship with the syndrome (Table 3) .
Quantification of endogenous phytohormones at early developmental stage
In this test, phytohormone concentrations at the early developmental stage were measured, because the concentration of a substance supposed to be the signal Symptom severity index 0 0 Table 2 . Quantification of endogenous phytohormones in the shoot apices in carnation stunting and shoot proliferation syndrome.
Quantification limit
1)
4.25,
2)
2.85,
3)
2.83 pmol·gFW
.
4)
These values were calculated with the quantification limit of
. Other explanatory notes are shown in the footnote of Table 3 . Quantification of endogenous phytohormones in the roots in carnation stunting and shoot proliferation syndrome.
The measured value is the concentration as pmol·gFW
. The value in the shaded region is the calculated value of the ratio of these concentrations. These samples were collected from the shoot apices and roots of 2-6 plants, with two or no replications for each stage. When the stage was measured with two replications, its value was shown as the average of the two replications. ND, not detected under the quantification limit. The value in parentheses shows the value of tZ9G + cZOG because we could not separate these substances at that time. *, these molecular species were not measured at that time. In the measures of the Test 3-1st (the shoot apices and the roots) and Test 3-2nd (only the shoot apices), the method without bromocholine modification was used for the quantification of IAA, IAA-amino acid conjugates, GAs, and ABA.
Test 2
Test 3-1st may change between the pre-developmental stage and the early developmental stage. In the shoot apices, IAA concentration decreased after stage 1. On the other hand, for both 1st and 2nd samplings, CKs and ABA concentrations showed no relationship with the syndrome (Table 2) . GA 19 and GA 20 concentrations of the 1st sampling seemed to decrease slightly after stage 1. The concentration ratio of CKs to IAA increased after stage 1 (Table 2 , Fig. 4A ). In the roots, the concentrations of these substances showed no regular trends (Table 3 , Fig. 4B ).
Discussion
Many reports show that plants respond to environmental stresses through signals such as phytohormones. From the results of our grafting test, it is clear that the CSP syndrome occurs as a result of some communication system, such as a signal, from the underground to aerial parts of the plant. In this study, phytohormone concentrations, CKs, auxins, GAs, and ABA, were measured as possible signals. We assumed that changes of the phytohormones would be observed in the roots by high temperature and waterlogging treatments, and then the phytohormones would move to the shoot before the stunting symptom appeared as the first stage of the syndrome. Takei et al. (2001) reported that cytokinins accumulated in roots, xylem sap and leaves in response to nitrogen resupply and were transported across the roots to shoots. The present results showed, however, that the concentration of phytohormones did not change in the roots and the timing of IAA concentration changes in shoot apices was not before the appearance of symptoms. From these results, it seems that the phytohormones measured in this study were not the expected signals.
Because there is very little information and quantitative data on the fluctuation of phytohormones in the shoot elongation of carnation, it is difficult to analyze all measured values. For example, it is known that GA biosynthesis is repressed by KNOX proteins that are required for maintenance of the shoot apical meristem of higher plants, and that CK is activated by KONX in contrast to GA (Jasinski et al., 2005; Yanai et al., 2005) . The decrease in GAs observed in this study may correspond to the increase in CKs.
On the other hand, typical symptoms of stunting and shoot proliferation may develop due to a decrease in the IAA concentration below the detection limit with comparative increases in the CK concentrations. It is simple to prove that the decrease in IAA concentration (auxins function in apical dominance and stimulate differentiation and extension of shoots) leads to stunting, and the comparative increases in the concentrations of CKs (CKs inhibit apical dominance and stimulate differentiation and extension of lateral shoots) lead to shoot proliferation. As a trial, we sprayed IAA or some synthetic auxins onto the shoots at the pre-syndrome developmental stage or during the developmental stage, but marked recovery did not occur (data not shown). This observation also reminds us that the roots are the main target for preventing the syndrome and for early recovery, although the symptoms appear in the shoots.
What is the underlying cause of CSP syndrome: a disease or physiological disorder? In this study, we cannot discuss whether the syndrome is a disease or not, because virus-and viroid-free plants were not used. Grafting tests using viroid-free plants have been reported in this syndrome (Koganezawa et al., 1998) . When viroid-free stocks, which were grafted with Carnation Necrotic Fleck Virus-or Carnation Mottle Virus-infected scions, were not subjected to high temperature and high soil moisture content treatment, the grafted plants did not develop CSP syndrome. However, the possibility that a disease causes the syndrome cannot be ruled out. The induction mechanisms of witches' broom disease have recently been clarified (Hoshi et al., 2009) . In this disease, which is characterized by stunting and marked shoot proliferation, TENGU secreted by a plant pathogenic bacterium inhibits the auxin-related pathway instead of the phytoplasma that directly secretes the phytohormone. In CSP syndrome, the lag time of the decrease in the auxin concentration seems similar to the pathway induced by TENGU. Although witches' broom disease is unknown in Caryophyllaceae, there is a possibility that CSP syndrome is caused by a similar mechanism. Further investigations into the effects of pathogens such as phytoplasma are needed. In this paper, the existence of some signal from the underground to aerial parts of the plant is suggested. This is the first time in the research that actually shows the fluctuation of endogenous phytohormones of the carnation, although there were some researchers who point out the relationships between CSP syndrome and phytohormones in the past. These results will contribute to identifying the cause of CSP syndrome in the future.
